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1
SYSTEMS AND METHODS FOR
SYNCHRONIZING WIRLESS AUDIO BASE
STATIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation application filed under
37 CFR 1.53(b) and claims the benefit under 35 U.S.C. 120 of
U.S. patent application Ser. No. 13/976,850, entitled “Sys-
tems and Methods for Synchronizing Wireless Audio Base
Stations”, filed Jun. 27, 2013, the entire contents of which are
incorporated herein by reference.

FIELD

The present invention relates to systems and methods for
synchronizing a clock used by multiple Radio Frequency
(RF) base stations.

BACKGROUND

Audio conferencing has grown in popularity. Commonly,
audio systems use a tabletop microphone to detect input from
conference participants. Participants must therefore gather
relatively close to the microphone in order to assure audio
quality, and also must always be aware of the direction in
which they are speaking. As a result, such systems intrude on
the meeting. In addition, as the microphones are omni-direc-
tional and located on the tabletop, they can pick up and
transmit to the remote participants undesirable ambient noise.
Common sources of unwanted ambient noise include table
noise, sidebar conversations, laptop keyboard clicks, coffee
cup clinks, etc. These undesired audio sources can be very
damaging to the efficiency, focus, and productivity of confer-
ence meetings, especially for far-end (remote) participants in
the conference.

Applicants have disclosed novel systems and methods for
overcoming these problems by using multiple wireless
microphones in communication with a base station. Exem-
plary devices are disclosed in U.S. Pat. Pub. No. 2006/
0217162 to Bodley et al. As more wireless microphones are
introduced into a conference environment, however, addi-
tional base stations must also be deployed to communicate
with the microphones. The growing number of devices (both
microphones and base stations) can introduce problems by
crowding the available RF (radio frequency) spectrum, espe-
cially where, for example, time division encoding of signals is
employed.

Accordingly, there is a need for a simple system that can
synchronize a plurality of base stations in a given conferenc-
ing environment so as to optimize the use of available RF
spectrum and more efficiently support multiple wireless
devices.

SUMMARY

The present invention provides systems and methods for
synchronizing a clock used by multiple RF (radio frequency)
base stations operating in TDD (Time Division Duplex) mode
to optimize RF spectrum usage within an overlapping RF
range in order to maximize the density of portable parts (e.g.,
wireless personal microphones, wireless speakers, etc.) asso-
ciated with the base stations.

In one aspect of the invention, a method of synchronizing a
clock used by a first base station in a wireless audio system is
provided that includes scanning for a second base station for
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a predetermined period of time. If the second base station is
found prior to the expiration of the predetermined period of
time, the first base station checks a broadcast message from
the second base station for a primary ID and compares the
primary ID of the second base station to a unique identifier of
the first base station. If the primary ID of the second base
station does not match the unique identifier of the first base
station, the first base station derives a clock signal from a
signal produced by the secondary base station.

The systems and methods of the present invention can have
a variety of modifications, additional features, and substitu-
tions, all of which are considered within the scope of the
invention. For example, in some embodiments, the first base
station can derive a clock signal by synchronizing an inter-
nally generated clock signal with the signal produced by the
second base station. In other embodiments, the first base
station can derive a clock signal by utilizing the signal pro-
duced by the second base station as its own clock signal.
Further, in some embodiments, the first base station can uti-
lize an internally generated clock signal if the second base
station is not detected within the predetermined period of
time.

In other embodiments, the method can further include con-
necting the first base station to the second base station having
the strongest signal if more than one second base station is
found. In still other embodiments, the method can further
include periodically repeating the step of scanning for the
second base station.

In certain embodiments, sometimes depending on the RF
hardware and/or software in the base station, normal base
station operations can be stopped during the scanning step. In
other embodiments, however, normal base station operations
can be maintained during the scanning step.

In some embodiments, the method can further include
retransmitting the primary ID of the second base station if the
primary ID of the second base station does not match the
unique identifier of the first base station.

In another aspect of the invention, a wireless audio confer-
encing system is provided that includes a primary base station
utilizing an internally generated clock signal and one or more
secondary base stations wirelessly coupled to the primary
base station and configured to derive a clock signal from the
primary base station. The primary base station is configured
to periodically scan for additional base stations and, if an
additional base station is found, the primary base station is
configured to begin deriving a clock signal from the addi-
tional base station if'a primary ID broadcast by the additional
base station does not match a unique identifier of the primary
base station.

In some embodiments, the primary base station can be
further configured to release the one or more secondary base
stations if the primary ID broadcast by the additional base
station matches the unique identifier of the primary base
station. In other embodiments, the primary base station can be
further configured to retransmit the primary ID of the addi-
tional base station if the primary ID broadcast by the addi-
tional base station does not match the unique identifier of the
primary base station.

Further, in some embodiments, the system can further
include one or more portable devices for audio conferencing.
The portable devices can, in some embodiments, be any of
wireless speakers, wireless wearable microphones, and wire-
less table-top microphones.

BRIEF DESCRIPTION OF THE DRAWINGS

The aspects and embodiments of the invention described
above will be more fully understood from the following
detailed description taken in conjunction with the accompa-
nying drawings, in which:
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FIG. 1 is a schematic of one embodiment of a single base
station configuration;

FIG. 2 is a schematic of one embodiment of a clock sync
domain;

FIG. 3 is a schematic of one embodiment of a new clock
sync domain;

FIG. 4 is a schematic of one embodiment of extending a
clock sync domain; and

FIG. 5 is a schematic of one embodiment of overlapping
clock sync domains.

DETAILED DESCRIPTION

Certain exemplary embodiments will now be described to
provide an overall understanding of the principles of the
systems and methods disclosed herein. One or more examples
of these embodiments are illustrated in the accompanying
drawings. Those skilled in the art will understand that the
systems and methods specifically described herein and illus-
trated in the accompanying drawings are non-limiting exem-
plary embodiments and that the scope of the present invention
is defined solely by the claims. The features illustrated or
described in connection with one exemplary embodiment
may be combined with the features of other embodiments.
Such modifications and variations are intended to be included
within the scope of the present invention.

The terms “a” and “an” can be used interchangeably, and
are equivalent to the phrase “one or more” as utilized in the
present application. The terms “comprising,” “having,”
“including,” and “containing” are to be construed as open-
ended terms (i.e., meaning “including, but not limited to,”)
unless otherwise noted. The terms “about” and “approxi-
mately” used for any numerical values or ranges indicate a
suitable dimensional tolerance that allows the composition,
part, or collection of elements to function for its intended
purpose as described herein. These terms generally indicate a
+10% variation about a central value. Components described
herein as being coupled may be directly coupled, or they may
be indirectly coupled via one or more intermediate compo-
nents. The recitation of any ranges of values herein is merely
intended to serve as a shorthand method of referring individu-
ally to each separate value falling within the range, unless
otherwise indicated herein, and each separate value is incor-
porated into the specification as if it were individually recited.
All methods described herein can be performed in any suit-
able order unless otherwise indicated herein or otherwise
clearly contradicted by context. The use of any and all
examples, or exemplary language (e.g., “such as”), provided
herein is intended merely to better illuminate the invention
and does not impose a limitation on the scope of the invention
unless otherwise claimed. No language in the specification
should be construed as indicating any non-claimed element as
essential to the practice of the invention.

The present invention generally provides systems and
methods for synchronizing one or more base stations that can
be utilized in, for example, a wireless audio system that
includes one or more base stations in communication with
one or more wireless microphones and wireless speakers.
Exemplary wireless audio systems can include those
described in U.S. patent application Ser. No. 11/360,922 filed
on Feb. 23, 2006, and entitled “Wireless Multi-User Audio
System,” U.S. patent application Ser. No. 11/563,292 filed on
Nov. 27,2006, and entitled “Wireless Multi-User Audio Sys-
tem,” U.S. patent application Ser. No. 11/668,235 filed on
Jan. 29, 2007, and entitled “Wireless Multi-User Audio Sys-
tem,” all of which are hereby incorporated by reference in
their entirety.
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FIG. 1 depicts a single base station configuration. The
system shown in FIG. 1 includes a base station N and a
plurality of portable parts, each of which can be any of a
variety of wireless audio conferencing devices, such as wire-
less microphones, wireless speakers, etc. The base station N
shown in FIG. 1 has an RF range depicted by the circle with
radius defined by the transmit distance of the base station 1-1.
As multiple systems with multiple base stations are added to
a location, their RF ranges can overlap as depicted in FIG. 2.
As shown in FIG. 2, the set of systems with overlapping RF
ranges is defined as a clock sync domain 2-1.

The term “primary base station” is used to refer to a base
station that uses an internally generated clock for RF trans-
mission, and the term “secondary base station” refers to a
base station that derives its clock from a received RF trans-
mission signal. Note that each clock sync domain can have a
single primary base station. All other base stations that are
members of a clock sync domain can be secondary base
stations.

The addition of a new base station to an RF range can:

Create a new clock sync domain (FIG. 3);

Extend an existing clock sync domain (FIG. 4); or

Overlap two existing clock sync domains requiring a
merge of the domains (FIG. 5).

The present invention defines a technique for automatically
identifying externally sourced base station clocks and merg-
ing overlapping clock sync domains, which can eliminate the
need for complex base station system management and net-
work configuration.

In order to synchronize a secondary base station’s clock
with a nearby base station’s clock, the following can be
accomplished:

The base station can track and lock to an external signal in
a manner similar to the way a portable device locks to a base
station. By adding portable device logic (i.e., the logic used
by portable speakers and microphones to wirelessly detect
and connect to a particular base station) to an existing base
station implementation, the base station can scan for, track,
and lock to an external clock signal. There are two solutions
presented for the scan, track, and lock function:

1. A Shared Single Receiver-a single radio receiver sub-
system can be shared between normal operations and the
scan, track, and lock function. This solution can require
ahybrid software stack which combines the base station
and portable device functionality.

2. Dual Receiver-a second radio receiver sub-system can
be added to scan for, track, and lock to an external clock
signal in parallel with normal operations. With this solu-
tion, the normal operations software does not need to be
changed, as the scan, track, and lock function can be
implemented on the second radio receiver sub-system.

During power on, the base station can scan the environment
to determine if there are other base stations around and lock to
the nearest one. The nearest base station is defined to be the
base station with the strongest signal. Normally, portable
devices are configured to lock to a particular base station
identifier. In this case, however, the base station can scan for
all identifiers and pick the one with the highest radio signal
strength.

Only after a successful lock, or after a timeout period
indicating that no nearby base stations were found, can the
base station start normal operations, including transmission
of'a beacon signal to allow portable devices to lock to it.

Once normal operations commence, sync to an unsynchro-
nized base station can require the base station to periodically
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scan for and lock to unsynchronized base stations. This scan
and lock function is dependent on the radio receiver configu-
ration:

1. Shared Single Receiver-in order to do a scan of unsyn-
chronized base stations, normal operation can be
stopped for the time it takes to scan and lock to another
base station, or a timeout occurs.

2. Dual Receiver-by adding a second radio receiver sub-
system, the scan can be conducted in parallel with nor-
mal operations. When the base station is in normal
operation and the second radio receiver sub-system
locks to an unsynchronized system, it is possible to
slowly shift the main radio receiver sub-system frame in
order to synchronize it with the new reference. This
procedure may take several minutes, but it will not inter-
rupt normal operation.

During normal operations, if the base station is locked to
another base station clock signal, it can keep this lock even
when slots on either base station are allocated and/or de-
allocated by connected portable devices. When the signal to
which the base station is locked changes its slot, the receiving
slot can be changed accordingly in order to maintain the lock.
A secondary base station can ensure that it can track an
external clock, even when the primary base station clock
signal changes to a slot currently occupied by a portable
device connected to the secondary base station.

Synchronization loops should be avoided where two or
more base stations lock to each other without any of them
being the frame of reference. Every base station, when locked
to another base station, can transmit a special broadcast mes-
sage with a unique identifier of the base station to which it is
locked. In a case where the base station to which another base
station is locked is already broadcasting a similar message,
that message is simply retransmitted. When a primary base
station locks to another base station and receives this special
broadcast message, it checks if the identifier is its own iden-
tifier. In such a case it will simply abort the locking procedure
and continue operating with its own reference clock.

During normal operation, if the base station is locked to
another base station that is powered off, the initial base station
must re-lock to another base station, if any others exist. When
the base station loses lock, it can scan for anther base station.
If the new base station that it finds has the same frame of
reference as the previous base station, there need not be any
change in the generated synchronization signal. If the new
base station has a different frame of reference, however, the
base station can re-sync to the new frame of reference. As
previously described, normal operations will be interrupted
when implementing this scan and re-sync process in the
shared single receiver solution, while in the dual receiver
solution the function can be performed in the background
during normal operation.

The over-the-air synchronization algorithm is summarized
as follow:

OTA1. When a base station is powered up it defaults to
primary mode and starts a periodic scan for other base
stations.

OTA2. When a primary base station finds another base
station, it checks the special broadcast message received
from the detected base station for the unique identifier to
which it is locked (“primary ID”). If the “primary ID”
does not match its own identifier, the primary base sta-
tion becomes secondary of the detected base station.

OTA3. Secondary base stations transmit a special broad-
cast message containing the “primary ID” to which they
are locked. When a base station is not transmitting the
“primary ID” message it is assumed to be a primary base
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station and the broadcast identifier will be used as “pri-
mary ID.” A secondary base station locked to another
secondary base station retransmits the “primary 1D”
message it receives from the base station to which it is
locked.

OTAA4. Primary base stations periodically scan the environ-
ment to check for the presence of other base stations.
Secondary base stations do not scan the environment.

OTAS. If a secondary base station loses lock to the primary
base station it becomes a primary base station.

OTAG. Primary base stations keep a counter of how many
times they have switched from secondary to primary
(“primary counter”) and broadcast it together with the
“primary ID” message.

OTA7. When a primary base station detects a secondary
base station transmitting its own identifier in the “pri-
mary 1D message, the primary base station can periodi-
cally give up its primary status to become a secondary
base station. Before switching to a secondary, the pri-
mary base station broadcasts a “primary release” mes-
sage, indicating that it is becoming a secondary together
with the id of the secondary base station that is to
become the new primary base station for this clock sync
domain.

OTAS. Ifaprimary base station has reached the time to give
up being a primary and finds more than one secondary
base station transmitting its own id in the “primary ID”
message, it will select the secondary base station with
the smallest “primary counter” to become the next pri-
mary base station.

OTA9. When a secondary base station receives a “primary
release” message, it becomes a primary base station.
The algorithm applies to the three scenarios related to

adding a new base station C as follows:

Example 1

Adding base station C will create anew clock sync domain,
as in FIG. 3.

Reference# Action

OTA1l When C is powered up, no neighboring systems
are found during the scan for other base stations,
thus the system will remain a primary base

station and source its own clock.

Example 2

Adding base station C will extend an existing clock sync
domain, as in FIG. 4.

Reference# Action

OTA1l When base station C is powered up, neighboring systems
are found during the scan for other base stations (assume
any system in sync domain A).

OTA2 Base station C will determine that the “primary ID = At”
of the detected system does not match its own identifier
and will become secondary of the detected base station.

OTA3 Base station C will retransmit the “primary ID = At”

received from the neighboring systems.

Example 3

Adding base station C will cause two existing clock sync
domains to overlap, as in FIG. 5.
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Reference# Action

OTA1l When base station C is powered up, it defaults to primary
mode and starts a periodic scan for other base stations.
Base station C finds a neighboring base from one of the
two existing clock sync domains (assume base station A2
from sync domain A), and it checks the special

broadcast message received from A2 for the unique
identifier to which it is locked (“primary ID” does not
match its own identifier, thus base station C becomes
secondary of the detected base station.

Base station C starts transmitting a special broadcast
message containing the “primary ID = A1” to which
they are locked.

Base station Bt detects a secondary base station
transmitting its own identifier in the “primary ID = B1”
message, and can give up its primary status to become a
secondary base station. Before switching to secondary,
base station Bt broadcasts a (“primary release™)
message, indicating that it is becoming a secondary
together with the ID (B2) if the secondary base station that
is to become the new primary for this clock sync domain.
When base station B2 receives the “primary release”
message, it becomes a primary base station for sync
domain B.

Base station B2, as the new primary in sync domain B,
can periodically scan the environment to check for the
presence of other base stations, and will discover base
station C. B2 can check the special broadcast message
received from C for the unique identifier to which it is
locked (“primary ID = At”). The “primary ID” does not
match its own identifier, thus base station B2 becomes
secondary of base station C. Since Bt was secondary of
Bz, it will now be secondary to At.

OTA2

OTA3

OTA7

OTA9

OTA4

When a first base station is described as “becoming sec-
ondary” to a second base station above, it means that the first
base station will both derive its clock signal from a signal
produced by the second base station, and it will retransmit the
primary ID of the second base station. The first base station
can derive its clock signal from a signal produced by the
second base station in a variety of ways. For example, the first
base station can synchronize its own internally generated
clock signal with the signal produced by the second base
station. Alternatively, the first base station can actually utilize
the signal produced by the second base station as its clock
signal, thereby ignoring any internally produced clock signals
for as long as the first base station is secondary to the second
base station.

A person skilled in the art will appreciate that these types of
systems can be used with a variety of wireless audio systems,
including those described in U.S. patent application Ser. No.
11/360,922 filed on Feb. 23, 2006, and entitled “Wireless
Multi-User Audio System,” U.S. patent application Ser. No.
11/563,292 filed on Nov. 27, 2006, and entitled “Wireless
Multi-User Audio System,” U.S. patent application Ser. No.
11/668,235 filed on Jan. 29, 2007, and entitled “Wireless
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Multi-User Audio System,” each of which is mentioned
above and incorporated by reference in their entirety.

All papers and publications cited herein are hereby incor-
porated by reference in their entirety. One skilled in the art
will appreciate further features and advantages of the inven-
tion based on the above-described embodiments. Accord-
ingly, the invention is not to be limited by what has been
particularly shown and described, except as indicated by the
appended claims.

What is claimed is:

1. A method for extending an existing clock synchroniza-
tion domain having a first primary base station and one or
more secondary base stations wirelessly coupled to the first
primary base station and being configured to derive a clock
signal from a clock generated by the first primary base station,
comprising:

periodically scanning, by a second primary base station,

for a predetermined period of time for a unique identifier
in a broadcast message transmitted by either the first
primary base station or any ofthe one or more secondary
base stations comprising the existing clock synchroni-
zation domain;

detecting, by the second primary base station, the unique

identifier in the broadcast message periodically trans-
mitted by either the first primary base station or any of
the one or more secondary base stations comprising the
existing clock synchronization domain;

determining that the unique identifier detected in the

broadcast message is different than a unique identifier
assigned to the second primary base station; and

the second primary base station transitioning to be a new

secondary base station in the existing clock synchroni-
zation domain, and synchronizing an internally gener-
ated clock signal with a signal in a broadcast message
transmitted by either the first primary base station or any
of the one or more secondary base stations.

2. The method of claim 1, wherein the first primary base
station is further configured to release the one or more sec-
ondary base stations if the unique identifier broadcast by the
second primary base station matches the unique identifier of
the first primary base station.

3. The method of claim 1, wherein the primary base station
is further configured to retransmit the unique identifier of the
second primary base station if the unique identifier broadcast
by the second primary base station does not match the unique
identifier of the first primary base station.

4. The method of claim 1, further comprising one or more
portable devices for audio conferencing.

5. The method of claim 4, wherein the one or more portable
devices are any of wireless speakers, wearable wireless
microphones, and wireless table-top microphones.
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